Abstract: Damaged wind turbine (WT) blades have an imbalanced load and abnormal vibration, which affects their safe and stable operation or even results in blade rupture. To solve this problem, this study proposes a new method to detect damage in WT blades using wavelet packet energy spectrum analysis and operational modal analysis. First, a wavelet packet transform is used to analyze the tip displacement of the blades to obtain the energy spectrum. The damage is detected preliminarily based on the energy change in different frequency bands. Subsequently, an operational modal analysis method is used to obtain the modal parameters of the blade sections and the damage is located based on the modal strain energy change ratio (MSECR). Finally, the professional WT simulation software GH (Garrad Hassan) Bladed is used to simulate the blade damage and the results are verified by developing an online fault diagnosis platform integrated with MATLAB. The results show that the proposed method is able to diagnose and locate the damage accurately and provide a basis for further research of online damage diagnosis for WT blades.
Introduction
Blades are the most important component of a wind turbine (WT) and their operating status is an important factor to ensure the normal and stable operation of WTs. Since WTs are mostly located in harsh areas and the wind conditions are complex and changeable, blade faults occur more commonly with increasing operating hours. Blade faults manifest as blade damage and the reasons include fatigue due to alternating loads, lightning strokes, freezing and external impacts. If the damage is not detected and repaired in time, the blade will break or the WT may collapse and other serious accidents may occur. Therefore, online blade damage diagnosis is of great importance in terms of research value and applications [1] .
The supervisory control and data acquisition (SCADA) information reflects the operating status of the WT and is easy to obtain. However, there are no data that directly reflect the state of the blades in the SCADA data. Therefore, it is important to investigate the health monitoring and fault diagnosis of the blades using intelligent algorithms such as artificial neural networks, expert systems, fuzzy logic systems and support vector machines and the WT SCADA data or vibration monitoring data. In Reference [2] , a WT blade breakage monitoring method using SCADA data was proposed. A deep automatic coder (DA) model was proposed to determine impending blade damage from the SCADA data using a discriminant index. By analyzing fuzzy fault features, Yang et al. [3] detected blade faults by interpreting the data collected by the WT SCADA system; the authors used the shown that the wavelet packet method is more effective than the Fourier transform method. Moreover, the initial damage determination of the blades is also simpler and easier to implement using the wavelet packet decomposition method and the analysis does not complicate the diagnosis. When the blade is damaged, the modal parameters of the blade sections are determined using an operational modal analysis and subsequently, the modal strain energy (MSE) change ratio (MSECR) is calculated. The MSECR is used as an index to locate the damage. Computing the MSECR only requires the vibration signal of the blade, which can be measured by installing a small number of patch vibration sensors on the tip or embedding vibration sensors in the blade. Unlike acoustic emission technology and other methods of fault diagnosis that use sensors, an external signal excitation source does not have to be installed, which reduces the complexity and enhances the reliability of the system. Finally, a dynamic link library (DLL) is used to interface the Bladed and MATLAB software (2016a, MathWorks, Natick, MA, USA) to create an online diagnostic tool for WT blade damage. The simulation results show that this method can diagnose blade damage accurately. Moreover, the method can be applied to actual WTs by using a small number of patch-type vibration sensors on the blade tip.
Analysis and Simulation of Blade Damage Using GH Bladed
WT blades are typically constructed using fiber-reinforced polymeric composites and sandwich structures. Moreover, their geometries (e.g., the aerofoil chord length) gradually change along the pitch axis direction. It is, therefore, a challenging task to develop an accurate analytical model of the structural damage of WT blades. For simplification, in the present study, a WT blade is regarded as a multi-degree-of-freedom system consisting of 9 sections (U 1 -U 9 ), as shown in Figure 1 . The mass and stiffness can be adjusted in each section, as shown in Table 1 .
Due to the large size and weight of large-scale WT blades, it is difficult to conduct damage experiments and the cost is high. GH Bladed provides a simulation platform that creates an approximation of an actual WT; the software contains a wealth of blade information, including length, thickness, stiffness, quality, airfoil and other data. It can also simulate the blade icing by setting the ice position and ice density. Therefore, it is convenient to use GH Bladed for fault analysis and diagnosis of blade icing. In some cases, blade icing and damage appear to be similar but the results are different. Blade icing mainly changes the quality of the blades. However, blade damage does not change the quality of blades but causes changes in the characteristic parameters such as blade stiffness. In addition, blade icing affects the operational parameters of the WT, such as the power and motor speed [21] , whereas blade damage usually does not. Blade icing faults mostly occur in the cold season and cold regions and WT maintenance personnel detect blade icing using weather and WT SCADA data. Many studies have focused on blade icing diagnosis and deicing [22] [23] [24] . However, the connection between blade damage and weather is insignificant and there is no effective method for its detection.
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Signal Analysis of the Blade Tip Displacement

Fast Fourier Transform (FFT) Analysis of Blade Tip Displacement
Fourier analysis is commonly used in traditional signal analysis; it uses a fixed window function and does not reflect the non-stationary, time-domain and frequency-domain characteristics of the signals. Figure 4 shows the results of an FFT analysis of a blade tip displacement signal with different damage degrees in section 2. In the blade damage simulation, the blade parameters are assessed before and after the blade damage and the damage is divided into four classes, namely, slight damage, moderate damage, severe damage and extreme damage. For example, slight damage is defined as 80% of the original stiffness and moderate, severe and extreme damage are defined as 70%, 60% and 50% of the original stiffness, respectively. When there is little damage, the FFT of the blade tip displacement has no apparent influence on the low-frequency part and it is difficult to determine the blade damage using this method. The information in the high-frequency part is not accurate because of the limitations of the FFT analysis method. The wavelet transform is a method that uses a fixed area but a variable window size. Wavelet packet decomposition can adaptively select the frequency bands that match the signal spectrum based on certain signal characteristics [25] .
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A damaged blade exhibits abnormal vibration, which can be detected in the energy spectrum. 
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(2) Reconstruction of the wavelet coefficients. We extract each sub-band range signal 172 3 ( = 0,1, ⋯ ,7); the total signal is expressed as:
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Figure 4. FFT analysis of blade tip displacement with different damage degree.
Wavelet Packet Energy Spectrum Extraction
A damaged blade exhibits abnormal vibration, which can be detected in the energy spectrum. The band energy reflects the operating status of the blade. By determining the change in the energy in different frequency bands, blade damage can be initially diagnosed. The energy-based wavelet packet decomposition results are called the wavelet packet energy spectrum of the blades.
We use a 3-layer wavelet packet decomposition as an example; the wavelet packet energy spectrum extraction method consists of the following steps:
(1) Obtaining the decomposition coefficients. The blade vibration signals are decomposed using a 3-layer wavelet packet decomposition; 8 decomposition coefficients of layer 3 from low frequency to high frequency are obtained X 0 3 , X 1 3 , X 2 3 , · · · , X 7 3 . (2) Reconstruction of the wavelet coefficients. We extract each sub-band range signal S j 3 (j = 0, 1, · · · , 7); the total signal is expressed as:
(1) (3) Calculating the signal energy of each sub-band. The reconstructed signal of each layer 3 node is expressed as: S j 3 (j = 0, 1, · · · , 7); the corresponding band energy is E j 3 (j = 0, 1, · · · , 7), which is defined as:
where x jk (j = 0, 1, · · · , 7; k = 0, 1, · · · , n) represents the amplitude of the signal's discrete points. The blade tip displacement signals were decomposed using the wavelet packet method to obtain the characteristic information of the tip displacement energy band. The details for the energy bands are shown in Table 2 . The results show that the values of Band 1 increase with increasing degree of damage, although the differences are not large. The same is observed for the values of Bands 2 to 8 but the difference between the damaged blade and the normal blade is large enough to determine if the blade is damaged. Unlike the FFT analysis, this method has more significant eigenvalue changes and it is easier to determine the blade damage. This method only requires vibration sensors at the blade tips to measure the displacement signal, which is easier to achieve than sensor installation and signal analysis for other kinds of sensors. If patch-type wireless sensors are used, there is less impact on the aerodynamic characteristics of the blade, making this method very suitable for blade health monitoring in currently used commercial WTs. Depending on the blade monitoring requirements, a number of sensors can be installed in different sections during blade manufacturing to detect the presence of damage and also the damage location. We report on the blade damage location using multi-sensor vibration signals in the next section of this paper.
Blade Damage Location Based on Operational Modal Testing
In an experimental modal analysis, the modal parameters of a structure are obtained by the parameter identification of the system input and output signals collected under experimental conditions. Nevertheless, during the actual operation of a WT, no man-made excitation can be applied; therefore, an ambient excitation method is used, that is, the external wind condition is used as an excitation source. Subsequently, the operational mode test theory is applied to analyze the blade vibration signals. After a pretreatment using a random decrement technique, the output signal time series was analyzed using an autoregressive moving average (ARMA) model to solve for the modal parameters of each section. Finally, the blade damage location was determined by calculating the MSECR.
Operational Modal Test Method Applicable to WT Blades
The random decrement technique refers to removing or reducing random components from one or more stationary random response samples of a linear vibration system to obtain a free response signal under a certain initial excitation [26] . The following describes the basic principle of obtaining free vibration response signal data from a structure response signal using the random reduction method. For a linear system structure, the forced vibration response of a measuring point under any excitation can be expressed as:
where D(t) is the free vibration response at an initial displacement of 1 and an initial velocity of 0. V(t) is the free vibration response at an initial displacement of 1 and initial velocity of 0. y(0) is the initial displacement and . y(0) is the initial velocity of the system vibration. h(t) is the system unit impulse response function. f (t) is the external excitation. We selected a suitable constant A to intercept a measured random vibration structure response signal y(t); a series of different intersection moments t i (i = 1, 2, ..., N) can be obtained and the response y(t − t i ) from the moment t i can be seen as a linear superposition of three parts: the free vibration response caused by the initial displacement at t i , the free vibration response caused by the initial velocity at t i and the forced vibration response caused by the random excitation f (t). Therefore:
Since the excitation f (t) is stationary and the starting point does not affect its random characteristics, a series of starting points t i of y(t − t i ) can be moved to coordinate the origin to obtain the subsample function x i (t) (i = 1, 2, ..., N). That is:
The statistical average of x i (t) is:
If the excitation f (t) is a stationary pure random vibration with a mean value of 0 and the system vibration response y(t) and . y(t i ) is also a stationary random vibration with a mean of 0, then:
According to the above:
where x(t) is called the free vibration response obtained by the random decrement method. Generally, turbulent wind is a natural random excitation in WTs and the mean vibration velocity of a blade tip should be zero, that is, E . y(t i ) is zero. However, the mean value response of the blade tip displacement is not zero; therefore, the random decrement method cannot be directly applied to the original tip displacement signal [27] . Under the excitation of an average wind speed, the tip displacement is:
where v is the average wind speed from time 0 to t, B is the mean value of the blade tip displacement, g(v) is the blade excitation function for a wind speed of v. In order to ensure that this method is applicable to the tip displacement signal, the signal should be pre-processed by subtracting the mean value B so that the mean value is zero. Therefore:
According to Equation (10), a free vibration response with an initial displacement of A and an initial velocity of 0 is obtained. The response is determined by using an ARMA model time series analysis, which is a method of using parametric models to process ordered random vibration response data for modal parameter identification [28] . The relationship between the linear system excitation and the response for N degrees of freedom can be described by a higher-order differential equation, which becomes a differential equation represented by several time series at different times, the ARMA temporal model equation, in a discrete time domain:
Equation (11) describes the relationship between the response data sequence x t and the historical value x t−k , where 2N is the order of the autoregressive model and the sliding mean model, a k , b k denote the autoregressive coefficient and the sliding mean coefficient to be identified respectively and f t denotes white noise excitation. When k = 0, let a 0 = b 0 = 1. The ARMA equation {x t } has a unique smooth solution:
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where h t is the impulse response function and f t is white noise. Therefore:
where δ 2 is the white noise variance. By substituting the result of Equation (13) into Equation (12), the following is obtained:
Since the linear system impulse response function h t is the system output response when excited by a pulse signal δ t , the expression defined by the ARMA process is:
After calculating the autoregressive coefficient a k and the sliding mean coefficient b k , the system modal parameters can be calculated by using the expression of the ARMA model transfer function:
The root of the denominator polynomial equation is solved using a high-order algebraic equation solving method and the obtained root is the pole of the transfer function. Their relationship with the system modal frequency ω k and the damping ratio ξ k is:
The modal frequency ω k and the damping ratio ξ k can be obtained from Equation (18) , that is:
Suppose that the k-order residue of H pq (s), which is the transfer function of the p-point response excited at point q, is A kpq , then the residue can be calculated as follows:
The modal vector can be obtained by processing the residue obtained from a series of measured response points. For a structure with n response points, the first task is determining the measurement point with the largest absolute value from the residue of n corresponding modes of the same order. Assuming that the point is the measurement point m, the normalized complex modal vector corresponding to the k-order mode can be obtained by the following formula: (20) In this way, the modal parameters such as the modal frequency, modal damping and modal vibration mode can be obtained.
Blade Damage Location Analysis Based on the MSECR
Because a blade can be simplified as a hollow cantilever beam structure, a model of the blade sections was developed based on the structural characteristics and material properties ( Figure 5 ). Three neighboring sections are denoted as U n−1 , U n and U n+1 with the masses of m n−1 , m n and m n+1 , respectively. The sections U n−1 and U n are connected via stiffness k n−1,n and damping c n−1,n and the sections U n and U n+1 are connected via k n,n+1 and c n,n+1 . Consequently, when an external load is applied to the blade, the dynamic response can be expressed by the following equation:
where x represents the vector of the displacement responses along the blade; M, C and K denote the equivalent structural mass, the equivalent structural damping and the equivalent structural stiffness matrices, respectively; F is the matrix of the external forces. It can be inferred that when a local defect occurs in section n, the values of c n−1,n , c n,n+1 , k n−1,n and k n,n+1 change correspondingly, whereas the damping and stiffness in the other sections may not change.
In this way, the modal parameters such as the modal frequency, modal damping and modal vibration mode can be obtained.
Blade damage location analysis based on the MSECR
Because a blade can be simplified as a hollow cantilever beam structure, a model of the blade sections was developed based on the structural characteristics and material properties ( Figure 5 ). Three neighboring sections are denoted as Un-1, Un and Un+1 with the masses of mn-1, mn and mn+1, respectively. The sections Un-1 and Un are connected via stiffness k n-1,n and damping cn-1,n and the sections Un and Un+1 are connected via k n,n+1 and cn,n+1. Consequently, when an external load is applied to the blade, the dynamic response can be expressed by the following equation:
where x represents the vector of the displacement responses along the blade; M, C and K denote the equivalent structural mass, the equivalent structural damping and the equivalent structural stiffness matrices, respectively; F is the matrix of the external forces. It can be inferred that when a local defect occurs in section n, the values of cn-1,n, cn,n+1, kn-1,n and kn,n+1 change correspondingly, whereas the damping and stiffness in the other sections may not change. This configuration was the inspiration for developing a damage location diagnosis method for WT blades using the modal analysis of the sections. Blade icing has a significant influence on the mass characteristic parameters of the blade but has little effect on stiffness and damping. Since the values of the damping and stiffness are dependent only on the blade's structural integrity, the proposed damage location diagnosis method responds only to changes caused by structural damage. Therefore, false alarms due to ice on the blade surfaces can be avoided. The damage to the blade structure has nothing to do with its mass, that is to say, [ ] = 0. Therefore, structural damage is equivalent to a change in stiffness. Equation (22) shows the relationship between the structural stiffness and the modal vibration modes before and after the damage has occurred (superscript d indicates the damaged section):
In Equation (22), −1 < < 0 and 0 < < 1. In addition, the MSE is related to the mode shape. The i-order MSE of the j-th section before and after structural damage is defined as follows:
Usually, only a low-order modal term is calculated and the high-order modal terms are ignored; the MSE of the section before and after structural damage is defined as follows:
Un Un+1 c n−1,n , k n-1,n c n,n+1 , k n,n+1 m n−1 m n m n+1 This configuration was the inspiration for developing a damage location diagnosis method for WT blades using the modal analysis of the sections. Blade icing has a significant influence on the mass characteristic parameters of the blade but has little effect on stiffness and damping. Since the values of the damping and stiffness are dependent only on the blade's structural integrity, the proposed damage location diagnosis method responds only to changes caused by structural damage. Therefore, false alarms due to ice on the blade surfaces can be avoided.
The damage to the blade structure has nothing to do with its mass, that is to say, [∆M] = 0. Therefore, structural damage is equivalent to a change in stiffness. Equation (22) shows the relationship between the structural stiffness and the modal vibration modes before and after the damage has occurred (superscript d indicates the damaged section):
In Equation (22), −1 < ∂ j < 0 and 0 < c ij < 1. In addition, the MSE is related to the mode shape. The i-order MSE of the j-th section before and after structural damage is defined as follows:
This analysis indicates that the damage location can be diagnosed by the index vectors obtained from the MSE. However, this is not sufficient to determine the damage degree. The MSECR is defined as the indicator of the damage degree:
where MSECR ij is the MSECR for the j-th section with respect to the i-order mode. In order to reduce the influence of the experimental modal random noise, multiple different order modalities can be used to diagnose the location of structural damage.
where m is the number of used modalities and MSECR imax is the maximum MSECR [25] . The theoretical analysis shows that when the change in the stiffness matrix and the modal parameters before and after structural damage are used as input diagnostic information, the location of the blade damage can be obtained using the MSECR.
Simulation Verification
The GH Bladed software possesses high-precision WT modeling and simulation functions but the data post-processing capability is limited. In contrast, the MATLAB software has strong data analysis and post-processing capability and a rich algorithm toolbox. However, the nonlinear model of the WT created in MATLAB has low accuracy and the simulation function is also very limited. In order to verify the proposed series of blade damage diagnosis methods and perform online diagnostic simulation, the two software applications have to be combined into a fault simulation platform. Because there is no direct data communication interface between the two applications, the data interaction between GH Bladed and MATLAB was implemented by using the Bladed external DLL interface file. The schematic diagram of the integration is shown in Figure 6 . The fault data were exported to MATLAB through the DLL file and the signal analysis and damage diagnosis were performed. Because the Bladed external DLL data interface allows for setting a data transmission time interval, the data transmission mode is very similar to the data acquisition process between the SCADA system and the actual sensors. Moreover, Bladed has a sensor simulation function, in which the sensor characteristics such as the signal noise, delay and fault can be specified. This greatly increases the simulation accuracy and credibility of the online monitoring and diagnosis simulation performed in this study. 
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The experimental WT data used in GH Bladed are shown in Table 3 . Figure 6 shows the The experimental WT data used in GH Bladed are shown in Table 3 . Figure 6 shows the flowchart of the blade damage diagnosis. The specific steps were as follows: First, the wavelet packet decomposition of the blade tip displacement signal was conducted to obtain the characteristic information of the energy bands. The blade damage was preliminarily determined based on these characteristics. For the damaged blade, the modal parameters of each section were calculated using the operational modal method and the MSECR was obtained. The MSECR represented the index to determine the location of the damage. When the wavelet packet energy of the blade tip displacement signals is abnormal, the displacement signals of each section are analyzed using the operational modal analysis method to obtain the modal parameters of every section and the MSECR. Figure 7 shows the flowchart of the blade damage diagnosis. Table 4 shows the modal parameters of section 2 with severe damage. The MSECR was calculated using the data in Table 4 and the damage location was determined using MSECR as the discriminant index. Figure 8 shows the MSECR histograms of section 2 before and after the severe damage occurred at a mean wind speed of 12 m/s. 
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In order to further illustrate the effectiveness of this method, a large number of simulation 46 experiments were conducted using blade damage in different locations and different degrees of damage. Figure 9 shows the MSECR histograms for the different locations and degrees of damage for 48 different wind speeds. The blade damage location can be clearly detected in Figure 9 . Figure 10 shows 49 the MSECR histograms of when two sections were damaged.
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Figure 8. The MSECR of section 2 before and after damage.
In order to further illustrate the effectiveness of this method, a large number of simulation experiments were conducted using blade damage in different locations and different degrees of damage. Figure 9 shows the MSECR histograms for the different locations and degrees of damage for different wind speeds. The blade damage location can be clearly detected in Figure 9 . Figure 10 shows the MSECR histograms of when two sections were damaged.
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In order to further illustrate the effectiveness of this method, a large number of simulation 346 experiments were conducted using blade damage in different locations and different degrees of 347 damage. Figure 9 shows the MSECR histograms for the different locations and degrees of damage for 348 different wind speeds. The blade damage location can be clearly detected in Figure 9 . Figure Figure 9 shows the MSECR of each blade section when a single section is damaged. The simulation results show that the MSECR of the damaged section has a prominent peak, which is significantly higher than those of the undamaged sections. The MSECR of the damage section in Figure 9 is about five times as large as those of the normal sections. In addition, the MSECRs of the adjacent sections were also slightly higher than (about 50% higher than the normal sections) and there was no significant change in the MSECR of the distant sections. Therefore, the damaged section can be determined based on the MSECR. Figure 10 shows the MSECR of each blade section when two sections are damaged. It is observed that the MSECR of the damaged section is higher than that of the normal section. It is noteworthy that the MSECR provided a good indication of the degree of damage if the damage degree of the two damaged sections was large (as shown in Figure 10a ). However, when the damage degree was significantly different for the two sections, the sections with the smaller damage sections may be difficult to detect (as shown in Figure 10b) . As a result, it is possible to miss some minor damage when using this method for blade damage location but this does not affect the diagnosis and location of the major damage when the blade is damaged in multiple sections. Generally, blade damage consists mostly of single-section damage. And the more serious parts should be mainly considered in multiple-section damage. Environmental conditions affect the structural characteristics of the blade and the calculated value of the wavelet energy spectrum will differ under different weather conditions; however, the location of the damage is not affected. Therefore, this method can be used to locate blade damage effectively.
Conclusions
The proposed method for blade damage diagnosis and damage location based on the tip displacement signal, wavelet packet decomposition and operational modal analysis has the following characteristics:
(1) The wind power simulation software Bladed was used to simulate the blade damage fault of a wind turbine by determining the change in the structural characteristic parameters before and after blade damage. An integrated MATLAB and Blade simulation platform was developed for real-time online damage diagnosis.
(2) An initial on-line blade damage assessment was conducted using Fourier analysis and wavelet packet energy spectrum analysis of the tip displacement. The simulation results showed that the wavelet packet energy spectrum analysis was not only easy to implement but also provided significantly better results than the traditional Fourier analysis.
(3) A method for identifying the working modal parameters of the blades was proposed by combining the random decrement method and ARMA model parameter identification. The damage was accurately located by calculating the MSECR of each blade section without requiring additional excitation signals and the method proved effective for different degrees of damage occurring simultaneously.
Although the results of this study are based on software simulation results, the Blade software provides high accuracy and is suitable for preliminary assessment prior to empirical research. In a future study, we will build a small-blade experimental wind turbine and develop a wireless patch sensor for empirical research. The results of this study provide methodological guidance for system implementation. 
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